Vibrio cholerae is a Gram-negative bacterial pathogen that exports enterotoxins, which alter host cells through a number of mechanisms resulting in diarrheal disease. Among the secreted toxins is the multifunctional, autoprocessing RTX toxin (MARTX Vc ), which disrupts actin cytoskeleton by covalently cross-linking actin monomers into oligomers. The region of the toxin responsible for cross-linking activity is the actin cross-linking domain (ACD). In this study, we demonstrate unambiguously that ACD utilizes G-and not F-actin as a substrate for the cross-linking reaction and hydrolyzes one molecule of ATP per cross-linking event. Furthermore, major actinbinding proteins that regulate actin cytoskeleton in vivo do not block the cross-linking reaction in vitro. Cofilin inhibits the cross-linking of G-and F-actin, at a high mole ratio to actin but accelerates F-actin cross-linking at low mole ratios. DNase I completely blocks the cross-linking of actin, likely due to steric hindrance with one of the cross-linking sites on actin. The Gram-negative bacterial pathogen Vibrio cholerae is the causative agent of the diarrheal disease cholera. Following ingestion of V. cholerae from contaminated food or water, the bacterium colonizes the host intestine and secretes enterotoxins (1). In addition to cholera toxin, an ADP-ribosylating toxin that stimulates the adenylate cyclase complex, V. cholerae secretes a number of accessory toxins that contribute to pathogenesis, including the multifunctional, autoprocessing RTX toxin of V. cholerae (MARTX Vc ) 4 (2). Active MARTX Vc is a potent toxin produced by the pathogenic O1 El Tor and O139 strains responsible for the current cholera pandemic and a broad range of non-O1, non-O139 clinical and environmental isolates (3). The full-length toxin is Ͼ450,000 Da and comprises a series of glycine-rich repeat regions at the N and C termini and activity domains located within the central portion of the toxin (4). These activity domains carry two distinct cell-rounding activities, one of which leads to cell rounding through inactivation of Rho GTPases (5) and the other by the novel mechanism of covalent actin cross-linking (6).
The Gram-negative bacterial pathogen Vibrio cholerae is the causative agent of the diarrheal disease cholera. Following ingestion of V. cholerae from contaminated food or water, the bacterium colonizes the host intestine and secretes enterotoxins (1) . In addition to cholera toxin, an ADP-ribosylating toxin that stimulates the adenylate cyclase complex, V. cholerae secretes a number of accessory toxins that contribute to pathogenesis, including the multifunctional, autoprocessing RTX toxin of V. cholerae (MARTX Vc ) 4 (2) . Active MARTX Vc is a potent toxin produced by the pathogenic O1 El Tor and O139 strains responsible for the current cholera pandemic and a broad range of non-O1, non-O139 clinical and environmental isolates (3) . The full-length toxin is Ͼ450,000 Da and comprises a series of glycine-rich repeat regions at the N and C termini and activity domains located within the central portion of the toxin (4) . These activity domains carry two distinct cell-rounding activities, one of which leads to cell rounding through inactivation of Rho GTPases (5) and the other by the novel mechanism of covalent actin cross-linking (6) .
The actin cross-linking domain (ACD) located between the amino acid residues 1963 and 2375 has been identified as the region of MARTX Vc responsible for actin cross-linking activity (7) . Recently, a fusion protein of the ACD with the N-terminal portion of Bacillus anthracis lethal factor (LF N ) was tested for actin cross-linking activity both in vivo and in vitro. Purified LF N ACD was translocated to the host cell cytoplasm via the entry mechanism for anthrax toxin, and cross-linked actin proteins were detected in cell lysates. An in vitro actin cross-linking assay was developed to further investigate the role of the ACD in the cross-linking reaction, and it has been demonstrated that LF N ACD directly catalyzes the covalent cross-linking of purified actin in the absence of host protein intermediates. The cross-linking reaction requires both Mg 2ϩ and ATP as cofactors, but it remains unclear whether these cofactors are essential for the enzymatic function of the ACD or for the initiation of actin polymerization (8) .
Actin exists in dynamic equilibrium between globular monomers (G-actin) and filamentous polymers (F-actin), and this equilibrium is regulated by multiple actin-binding proteins (ABPs) (9) . Actin has a high affinity binding site for a divalent cation, specifically Mg 2ϩ or Ca 2ϩ
, in complex with a nucleotide, ATP or ADP (10, 11) . As the salt concentration increases to physiological levels, G-actin spontaneously polymerizes into F-actin, and the ATP molecule bound to G-actin is hydrolyzed to ADP and P i . The latter dissociates from F-actin with a delay * This work was supported in part by an Investigator in the Pathogenesis of Infectious Disease award from the Burroughs Wellcome Fund and United States Public Health Service Grant AI051490 (to K. J. F. S.) and by United States Public Health Service Grant GM-077190 and National Science Foundation Grant MCB 0316269 (to E. R.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 time of a few minutes (12) (13) (14) . The nucleation of polymerization in the absence of specific nucleators (gelsolin, formins, ARP2/3 complex, and spire) is a thermodynamically unfavorable, rate-limiting process of self-association of actin monomers into a stable trimer complex, to which further monomers are added during filament elongation (15) . Actin is a dynamic protein involved in various cellular processes, and the versatility of actin makes it an attractive and vulnerable target for bacterial toxins (16) . For example, Clostridium botulinum C2 toxin and the Clostridium perfringens iota toxin modify G-actin by adding ADP-ribose moiety to the Arg-177 residue. This modification disrupts the ability of monomers to assemble into filaments. As a result, the dynamic equilibrium shifts toward G-actin, ultimately causing actin depolymerization and host cell rounding (17) . The distinct correlation between MARTX Vc -mediated actin cross-linking into oligomers and host cell rounding suggests that MARTX Vc may manifest its action through a similar mechanism of shifting the equilibrium between soluble and polymeric actin.
In this report, we further characterize the actin cross-linking reaction catalyzed by the ACD of MARTX Vc . We find that G-actin is the substrate for ACD and that F-actin is not crosslinked in vitro. Moreover, we demonstrate that major ABPs, which interact with G-actin under in vivo conditions, allow for actin cross-linking by ACD in vitro. In addition, we show that ATP is hydrolyzed directly by ACD. These results contribute to our overall understanding of the actin cross-linking activity of MARTX Vc and suggest a mechanism by which the covalent cross-linking of actin results in host cell rounding through the disruption of actin polymerization.
EXPERIMENTAL PROCEDURES
Chemical Reagents-Analytical grade chemicals were purchased from Sigma, unless specified differently. ATP and HEPES were from Merck (Darmstadt, Germany). Tetramethylrhodamine-5-maleimide (TMR) was purchased from Invitrogen. Kabiramide C (KabC) was a generous gift from Dr. Gerard Marriott (University of Wisconsin).
Proteins-Rabbit skeletal actin was purified from rabbit back muscle as described by Spudich and Watt (18) . G-actin was maintained in 5.0 mM Tris (pH 8.0), 0.2 mM ATP, 0.2 mM CaCl 2 buffer with 5.0 mM ␤-mercaptoethanol and was used within 2 weeks of purification. ␤-Thymosin was kindly donated by Dr. Safer, University of Pennsylvania. Wild-type human profilin-1 cDNA in an expression vector pMW172 was provided by Dr. Henry N. Higgs of Dartmouth Medical School. The pET28(ϩ) plasmids encoding C-terminally truncated mouse twinfilin (amino acid residues 1-328) and full-length twinfilin, both with the N-terminal His 6 tag, were donated by Dr. Roberto Dominguez (University of Pennsylvania). Recombinant twinfilins were expressed in Escherichia coli BL21(DE3) cells and were purified on His-bind affinity column (Novagen, Madison, WI) according to the manufacturer's protocol. Profilin, gelsolin segment 1 (GS1), yeast, and human cofilins were expressed in E. coli and purified as described earlier (19 -21) . Full-length gelsolin was purified from bovine blood plasma as described before (22) . Recombinant fusion protein of ACD with the LF N (LF N ACD) was purified as described previously by Cordero et al. (8) . LF N does not interfere with actin cross-linking activity of ACD (8) . Ultrapure DNase I was purchased from Bio-World (Dublin, OH).
Actin Cross-linking Assay-All reactions, unless specified differently, were performed at 22°C in G-actin buffer (5 mM HEPES, pH 7.5, 0.2 mM ATP, 0.2 mM CaCl 2 , 5 mM ␤-mercaptoethanol) supplemented with 0.1 mM MgCl 2 and 0.4 mM EGTA. 10 min before the initiation of cross-linking, Ca-G-actin was converted to Mg-G-actin by adding 0.1 mM MgCl 2 and 0.4 mM EGTA. Latrunculin A (LatA) and KabC were added to Mg-Gactin at a molar ratio of 1.5:1, 20 min prior to the addition of LF N ACD. ABPs were also added to Mg-G-actin 20 min before ACD. The mole ratios of ABPs to actin were as follows (unless specified otherwise): profilin, 1.5:1; cofilins, 1.5:1; thymosin-␤4, 2:1; DNase I, 1.2:1; GS1, 1.2:1; full gelsolin, 1.2:1; twinfilin, 1.5:1. Actin was modified at Cys-374 with TMR as described by Otterbein et al. (23) , with minor modifications (24) . Pre-polymerized F-actin was prepared by adding 1.0 mM MgCl 2 and 50 mM KCl to Mg-G-actin, 2-3 h prior to actin cross-linking by ACD. LF N ACD was added to non-polymerizable and fully polymerized actin substrates at mole ratios specified in the legend for Fig. 1 .
To replace ATP in the nucleotide pocket with AMP-PNP, ATP-actin was passed through a PD-10 column (Amersham Biosciences, Uppsala, Sweden) equilibrated with nucleotidefree buffer and supplemented with a 25-fold molar excess of AMP-PNP. After a 45-min incubation on ice, GS1 was added to actin at a 1.25:1 mole ratio to lock AMP-PNP in the nucleotide pocket. Nucleotide excess was then removed on a PD-10 column, and the desired nucleotide (ATP or AMP-PNP) was added to the reaction mixture. All cross-linking reactions were conducted at 22°C. Reactions were stopped at the indicated time points with the SDS-PAGE sample buffer. Samples were boiled for 3 min and analyzed by SDS-PAGE, and the extent of actin cross-linking was measured by gel densitometry of actin bands stained with Coomassie Brilliant Blue R-250.
Measurements of P i Release-The release of inorganic phosphate was monitored via color reaction with the EnzChek phosphate assay kit (Invitrogen). To initiate the cross-linking, KabCactin complex was added to the EnzChek reaction mixture containing 1.0 mM MgCl 2 , 0.2 mM ATP, and 0.01 M LF N ACD so that the final concentration of actin was 10 M. The accumulation of the chromophoric reporter of P i was monitored at 360 nm on a Hewlett Packard 8453 spectrophotometer. 20 l-time point aliquots were taken for SDS-gel analysis directly from the experimental mixture during the course of P i measurements. Densitometry analysis of gels was done using the Scion image software (Scion Corp., Frederick, MD). It was assumed that n Ϫ 1 covalent cross-link bonds were formed per each n-mer of cross-linked actin.
Purification of the Cross-linked Actin Dimer-For the preparation of purified cross-linked actin dimer, the extent of crosslinking reaction was limited by adding 10 mM ethylenediamide to the mixture of actin and LF N ACD (1000:1 mole ratio). The reaction was initiated by the addition of 1.0 mM MgCl 2 and stopped after a 1-h incubation at 22°C by removing Mg 2ϩ on a PD-10 column equilibrated with Ca-G-buffer. This preparation procedure had no effect on the polymerization properties of monomeric actin, as tested in a parallel experiment without LF N ACD. The cross-linked actin dimer was separated from monomers and a small population of higher oligomers by gel filtration chromatography on a High Load 16/60 Superdex 200 column (Amersham Biosciences).
RESULTS

G-actin Is the Substrate for the ACD-catalyzed Actin Crosslinking Reaction-We have shown previously that Mg
2ϩ is an essential cofactor for cross-linking of actin by the ACD of MARTX Vc (8) . As Mg 2ϩ is also the key factor modulating conformational transitions on G-actin to a "pre-polymerization" state (25, 26) , it has been difficult to assess whether it is required to support the enzymatic function of ACD itself or to induce actin nucleation and polymerization. Drugs stabilizing actin monomers and filaments have been used in vivo to separate actin polymerization from cross-linking, and the results suggested that G-actin was the substrate of the cross-linking reaction (6, 8) . However, the possibility that actin oligomers, or even short actin filaments, may serve as ACD substrates could not be excluded.
To determine unambiguously the substrate for actin crosslinking with ACD, individual contributions of G-and F-actin to this reaction were characterized under in vitro conditions. Non-polymerizable G-actin substrates were obtained by binding either LatA or KabC to actin or by covalently modifying it with TMR at Cys-374. LatA binds to the nucleotide cleft on actin between subdomains 2 and 4, whereas KabC binds to the cleft between subdomains 1 and 3 (27, 28) ; both drugs, as well as TMR labeling, efficiently prevented actin polymerization under our experimental conditions (data not shown). F-actin was prepared by adding 1.0 mM MgCl 2 and 50 mM KCl to Mg-ATP G-actin 2 h prior to the cross-linking reaction.
To initiate the cross-linking, LF N ACD was added either alone (to F-actin) or together with 1.0 mM MgCl 2 and 50 mM KCl (to G-actin). As shown in Fig. 1A , the formation of covalently cross-linked actin oligomers was detected for all forms of G-but not for F-actin even after 2-fold longer incubation time. The minimal cross-linking observed in F-actin samples can be explained by the presence of a small fraction of G-actin during treadmilling, the process of preferential dissociation of actin monomers from the pointed end of the filament and their reassembly at the barbed end of the filament. Indeed, further inhibition of the cross-linking of F-actin was noted in the presence of phalloidin, consistent with a role of this drug as an inhibitor of actin treadmilling. LatA and KabC had no effect on the rates of G-actin cross-linking even at shorter incubation times during the initial phase of the cross-linking reaction (data not shown).
Therefore, we exclude F-actin as a potential substrate for the in vitro cross-linking by ACD, as the reaction proceeded only in the absence of polymerized actin. These data agree with the identification of G-actin as the substrate of the actin crosslinking reaction in vivo (6, 8) and clearly indicate that F-actin does not participate in the cross-linking by MARTX Vc .
Cross-linking of Actin Bound to ABPs-It is well recognized that in the living cell, G-actin does not exist in a free form and is typically bound to one of the several ABPs (9). Therefore, we tested how the most abundant ABPs (profilin, thymosin-␤4, cofilin, twinfilin, gelsolin, and DNase I) affect the cross-linking of G-actin by LF N ACD. Remarkably, profilin, thymosin-␤4, the G-actin binding segment of gelsolin (GS1) (Fig. 1B) , as well as intact gelsolin (data not shown) did not have any noticeable effect on the cross-linking reaction. Among the proteins tested, only DNase I blocked completely the formation of actin oligomers (Fig. 1B) . Both Saccharomyces cerevisiae cofilin and human cofilin-2 (at 1.5:1 mole ratio to actin) strongly inhibited the cross-linking but did not block it completely (Fig. 1B) . To explore whether this inhibition is due to acceleration of bulk actin polymerization by cofilins (29 -32) or to their effect on G-actin, we employed a modified form of twinfilin, an ABP homologous to cofilin that has two tandem actin-destabilizing factor (ADF)-domains (33) . It has been shown recently that a truncated twinfilin, with the C-terminal residues 317-353 deleted, retains the capacity of the full molecule to bind and sequester G-actin, but its ability to interact with barbed ends of F-actin is strongly reduced (34) . Therefore, we tested the C-terminally truncated form of twinfilin (1-328 amino acids) as well as full-length twinfilin and found that both proteins strongly inhibit the cross-linking of actin with LF N ACD. This suggests that cofilin effects are also caused, at least partially, through its binding to G-actin.
Because cofilin is a key regulator of the equilibrium between G-and F-actin in living cells, we compared its effects on the cross-linking of monomeric and filamentous actin. At 1.5:1 mole ratio of cofilin to actin, the cross-linking of both G-actin and F-actin was inhibited strongly (Fig. 1C, left panel) . At a low mole ratio (1:10), the effect of cofilin depends on the polymerization state of actin; cofilin inhibits slightly the cross-linking of G-actin but accelerates slightly but reproducibly the cross-linking of F-actin (Fig. 1C) . This slight acceleration of F-actin crosslinking was more obvious when the experiment was repeated at a higher mole ratio of the LF N ACD to F-actin (1:250) (Fig. 1C,  right panel) . The increased F-actin cross-linking at low mole ratios of cofilin to actin is most likely due to the higher critical concentration for actin polymerization and the equilibrium shift toward G-actin, which is the substrate for cross-linking.
Therefore, our data indicate that the most abundant G-actinbinding proteins thymosin-␤4, profilin, cofilin, and gelsolin do not block the ACD-induced cross-linking. In fact, most of these proteins do not even inhibit the cross-linking reaction. This further confirms the conclusion that monomeric actin is the substrate for the MARTX Vc -induced cross-linking of actin under in vitro and, most likely, in vivo conditions. ACD Hydrolyzes ATP during the Cross-linking Reaction-Recently, we have shown that ATP and Mg 2ϩ are required for actin cross-linking with LF N ACD. However, it remained uncertain whether ATP is required for the catalytic activity of LF N ACD or is needed to support the specific, cross-linkingcompetent, Mg-ATP conformation of G-actin. To clarify whether ACD hydrolyzes ATP during the cross-linking reaction, we monitored the production of P i under in vitro conditions. In these experiments, we selected to use the complex of G-actin with KabC as a substrate for LF N ACD for two reasons: (i) to inhibit nucleotide release from G-actin by a factor of ϳ5 (35) 5 and (ii) to block actin polymerization and the concomitant P i release ( Fig. 2; red trace) , thereby ensuring that the ATP hydrolysis was due solely to the ACD-catalyzed reaction. As shown in Fig. 2 , the extent and rate of P i accumulation increased with the amount of LF N ACD added to the actin samples.
The intrinsic ATPase activity of LF N ACD was below the detection limit under these conditions (Fig. 2) . However, at a higher concentration of LF N ACD (1.0 M) and at a higher temperature (30°C), we measured ϳ0.2 mol of P i produced per min per each mol of LF N ACD (data not shown). This is ϳ570 times slower than actin-activated reaction (ϳ115-135 mol of P i /min/mol) estimated from the initial, linear stage of crosslinking at 1:500 and 1:1000 mole ratio of LF N ACD to actin.
Next, we compared the rates of P i release and the cross-linking reaction by examining on SDS-gel aliquots of the reaction mixture that was monitored for P i release (Fig. 3) . We estimated the extent of cross-linking from SDS-gels (Fig. 3A) , assuming that n Ϫ 1 covalent bonds were formed per each oligomer con-5 Dmitri S. Kudryashov, unpublished results. sisting of n actin protomers. We found good correlation between rates of ATP hydrolysis and the cross-linking, with 1 mol of covalent bonds produced per mol of P i released (Fig. 3, A 
and B).
To confirm that during cross-linking ATP is hydrolyzed by LF N ACD and not by actin, we compared actin cross-linking under conditions of ATP excess and in the absence of free nucleotide i.e. when all ATP present is bound to the nucleotide cleft on actin. If ATP were hydrolyzed by actin and not LF N ACD during the cross-linking, we would expect to see little difference between these two reaction conditions. In preliminary experiments, we found that the cross-linking was strongly inhibited in the absence of free ATP, although not abolished completely (data not shown), apparently because of ATP leaking from the nucleotide binding site of actin. It has been shown previously (24, 36) , and we confirmed again for the conditions of these experiments that GS1 efficiently blocks the nucleotide release from actin. Therefore, we supplemented ATPactin with a 1.25-fold molar excess of GS1, passed the actin-GS1 complex through a PD-10 column, and then incubated it with Dowex 1X8-100 ion exchange resin for 20 min to ensure complete removal of any free ATP from the solution (37) . We observed almost no cross-linking and no P i release in the sample without free ATP, whereas efficient cross-linking accompanied by ATP hydrolysis and P i release occurred in the sample supplemented with 0.25 mM free ATP (Fig. 4, A and B) . This suggests that solution ATP is a critical component of the cross-linking reaction.
We have shown recently that actin cannot be cross-linked by ACD if ATP in the solution is replaced by excess of non-hydrolyzable nucleotide analog AMP-PNP. Although this result suggested that ATP was required for the crosslinking, it did not discriminate between ATP as an energy source for ACD or a factor-defining actin conformation. To eliminate this ambiguity, we used now GS1 to lock AMP-PNP (or ATP) in the nucleotide-binding cleft while supplementing the experimental mixture with free ATP (or AMP-PNP) (Fig. 4, C and D) . The results of this experiment demonstrate unambiguously that free ATP in solution is a mandatory factor for the cross-linking reaction, while the presence of ATP in the actin nucleotide cleft is not required for the cross-linking, although it appears to improve it.
If ATP is required for ACD activity, we would expect that structurally related but functionally inactive nucleotides should compete with ATP for ACD. To test this prediction, we observed the cross-linking of ATP-actin in the presence of 25 M ATP and increasing amounts of AMP-PNP and ⑀ATP (Fig.  4E) . As above, to ensure that ATP is locked inside the actin cleft, we added excess of GS1. As expected, both ATP analogs inhibited the cross-linking, with AMP-PNP being slightly more effective than ⑀ATP in that task. Altogether, our results strongly suggest that LF N ACD is an ATPase and consumes ATP as the energy source for the cross-linking reaction.
To clarify the requirement of the reaction for MgCl 2 , we carried out cross-linking of 10 M actin-KabC complex in the presence of 200 M ATP and different concentrations of MgCl 2 . When plotted as the percentage of covalent cross-linked bonds formed in 20 min versus free Mg 2ϩ concentration in the solution, the cross-linking shows a typical hyperbolic dependence on MgCl 2 , with an estimated apparent K d ϭ 0.54 mM (Fig. 5) , which is in the range of Mg 2ϩ affinity for actin. In addition to the high affinity cation binding site in the nucleotide cleft, actin has several (5-9) low affinity binding sites for divalent cations. The dissociation constants for those sites were estimated by different groups to be between 0.018 and 0.5 mM (38 -40) . It is possible that, similarly to the requirements for actin polymerization (26), a certain number of divalent cations must be bound to actin to compensate for the repulsive interactions between negatively charged G-actin molecules and thus allow actin monomers to approach each other and be cross-linked by ACD. However, at concentrations high enough to cause actin polymerization, CaCl 2 and KCl do not support the cross-linking by ACD, even in the presence of 0.1 mM MgCl 2 (data not shown). Thus, it is difficult to distinguish between the possibilities that Mg 2ϩ is required for actin to adopt a cross-linking competent conformation, or it is needed to activate the ACD or, perhaps, serves both purposes.
The above results demonstrate that ATP hydrolysis occurs simultaneously with the formation of cross-linked actin species, and that ATP bound to the nucleotide cleft of actin is not sufficient to support the cross-linking. Therefore, we conclude that ATP is hydrolyzed by LF N ACD in the course of energyconsuming formation of covalent bonds between actin protomers.
Actin Monomers Are a Better Substrate than Dimers for Cross-linking-As can be noticed from Fig. 3 , the cross-linking reaction appears to reach a plateau before all actin is crosslinked. One possible explanation for this could be that actin oligomers are not cross-linked as efficiently as monomers, if at all, due to their size, shape, diffusion, and orientation limitations. To examine this supposition, we purified ACD-crosslinked actin dimer and tested its susceptibility to the crosslinking (Fig. 6) . We found that actin dimers disappear during the cross-linking at ϳ4-fold slower rate than the monomers (k dimer ϭ 0.021 min Ϫ1 and k mon ϭ 0.083 min Ϫ1 , the exponential decay rates for dimers and monomers, respectively). This result indicates that although ACD cross-linked oligomers can participate in further cross-linking to higher species, the efficiency of such a reaction diminishes with the increase in size of oligomers. These data further indicate that the increasing size of oligomers occurs predominantly by the addition of monomers to oligomers rather than the joining of oligomers.
DISCUSSION
There is growing evidence that to compromise cell integrity, a diverse group of pathogens and toxins targets and impairs the actin cytoskeleton. One of such pathogenic factors is the ACD of MARTX Vc (6) . The cross-linking of actin with ACD, both under in vivo and in vitro conditions, results in the formation of a set of oligomers, appearing as a ladder of actin bands on SDSgels (8) (Fig. 1) . Recently, we showed that the ACD is an enzyme that directly catalyzes the cross-linking of actin dependent only upon the addition of Mg 2ϩ and ATP to the in vitro reaction. In the present work, we investigate the catalytic requirements for the cross-linking reaction and demonstrate that the ACD crosslinks monomeric G-actin and consumes ATP during the in vitro reaction.
A ladder with a very similar pattern of oligomers can be produced by a covalent cross-linking of actin with N'-azidonitrophenyl maleimide (41) . In the latter case, N'-azidonitrophenyl maleimide-labeled actin must be pre-polymerized, and the cross-linking occurs only in the polymeric state. Therefore, it was important to test whether the ACD-induced cross-linking also requires actin polymerization. Our experiments with actins, for which the polymerization was blocked with actinspecific drugs (LatA and KabC) or by a covalent modification with TMR, clearly demonstrated that G-actin can be crosslinked efficiently by LF N ACD (Fig. 1A) . In contrast, the crosslinking of pre-polymerized F-actin is inhibited (Fig. 1C) , indicating that polymerization competes with the cross-linking reaction. The cross-linking of F-actin was further inhibited by phalloidin, likely due to the inhibition of treadmilling and a decrease in the critical concentration of G-actin for polymerization, which would diminish the amount of monomeric actin available to participate in the cross-linking reaction.
Because G-actin in the living cell is normally bound to one of the ABPs, it was important to test how those proteins affect the ACD-induced cross-linking. Intriguingly, we found that the most abundant ABPs that interact with G-actin in vivo had no effect on cross-linking in vitro, indicating that association of G-actin with other proteins does not provide a cell protection against MARTX Vc -mediated cross-linking. Indeed, only DNase I completely abolished the formation of actin oligomers (Fig.  1B) . This result suggests that binding of DNase I to actin subdomain 2 either blocks the site for binding of ACD to actin binding or blocks the ACD-mediated actin-actin interface that would form during the introduction of cross-link.
Among other proteins tested, cofilin and twinfilin also showed significant inhibition of actin cross-linking by LF N ACD (Fig. 1B) . These proteins belong to the ADF family of proteins, which are major regulators of actin-dependent processes in living cells. Twinfilin contains two homologous ADF-like domains, whereas cofilin has only one. Despite the strong inhibitory effect of both proteins on G-actin cross-linking in vitro, their in vivo effect is difficult to predict because at least one of them, cofilin, causes slight enhancement of F-actin cross-linking (Fig. 1C) , probably via an increased critical concentration for polymerization and/or increased turnover of F-actin (42) .
The mechanism of ACD cross-linking inhibition by cofilin is yet unclear and requires further investigation. This inhibition of cross-linking can be partially explained by the ability of cofilin to accelerate in vitro polymerization of actin (29 -32) , the process that competes strongly with the cross-linking reaction (Fig. 1A) . However, twinfilin, which does not accelerate actin polymerization, also significantly inhibits the cross-linking (Fig. 1B) . Alternatively, the effects of cofilin and twinfilin could be explained by steric hindrance of the cross-linking sites by these proteins and/or by allosteric alterations in one or both actin sites involved in the cross-linking. Interestingly, ADF homology domains are structurally similar to the repeating domains of gelsolin (43) . Although the detailed binding interface of cofilin and twinfilin with actin is still uncertain, it was predicted that ADF homology domain and GS1 interact with actin through a similar interface (44 -46) . Yet cofilin and twinfilin, in contrast to GS1, show strong protection against ACDinduced cross-linking (Fig. 1B) . This result suggests some differences between the binding interfaces of ADF homology proteins and GS1 on G-actin.
Although it is difficult to predict the effects of ADF family proteins on ACD-induced cross-linking of actin in vivo, these can be tested experimentally. The mechanism of twinfilin regulation in living cells is yet unknown, but cofilin activities are appear to be mainly regulated by Slingshot phosphatases and LIM kinases (47) . Therefore, it would be interesting to probe the effects of cofilin activation/inhibition on actin cross-linking in the living cells by tuning the activity of these regulatory enzymes.
To date, little is known about the MARTX Vc -induced crosslinking in actin and the particular residues involved in the reaction. Recently, we showed that ATP is required for the crosslinking of actin with LF N ACD and that neither ADP nor the non-hydrolyzable ATP analog AMP-PNP could substitute for ATP in the cross-linking reaction (8) . However, actin itself is an ATPase whose conformational state depends on the nucleotide bound to the nucleotide-binding cleft. Thus, our previous study left unresolved the possibility that ATP is needed to support the appropriate conformational state of actin and not for the catalytic activity of ACD. The results of this study demonstrate unequivocally that free Mg-ATP in solution is required to support efficient actin cross-linking by LF N ACD (Fig. 4) and suggest that MARTX Vc hydrolyzes one molecule of ATP per each cross-linking event (Fig. 3) . Apparently, ATP is required to produce an activated intermediate product in a course of the crosslinking reaction; however, the details of this reaction remain to be clarified. Actin monomers are apparently a better substrate for the cross-linking reaction than the cross-linked oligomers (Fig. 6) . Therefore, after monomer depletion, the reaction slows down, appearing to reach a plateau prior to forming large crosslinked polymers. To cross-link, ACD is most likely binding to two actins. At this stage, it is premature to speculate whether the two actin sites on ACD are equivalent and whether the faster cross-linking of monomers than oligomers is not just a result of steric interference between the oligomers.
Overall, we can propose a more detailed model of how MARTX Vc accomplishes the rounding of cells through the cross-linking of actin. Recently, we have found evidence that MARTX Vc undergoes autocatalytic cleavage, and we proposed that this autoprocessing releases independent activity domains from the large toxin freely to the cytosol (48) . In this study, we have shown that the ACD then functions to bind monomeric G-actin and catalyzes the formation of actin oligomers while consuming ATP to energize the reaction. Apparently the reaction can proceed despite the binding of G-actin in vivo to ABPs. Ultimately, the sequestering of G-actin through cross-linking would accelerate F-actin depolymerization and lead to cell rounding. In the context of the holotoxin, the inhibition of Rho by the MARTX Vc Rho-inactivating domain (5) would likewise accelerate F-actin depolymerization and increase the concentration of G-actin available for cross-linking, leading to the observed rapid cell rounding.
